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Abstract—A novel Hg-Pr compound [Hg3PrCl9(HIA)(IA)3]nnCl · 2nH3O · 4nH2O (I) (HIA = isonicotinic
acid) is prepared through the hydrothermal reactions and structurally characterized by X-ray diffraction tech-
nique (CIF file CCDC no. 1831958). This compound is characterized by a 2D organic-inorganic hybrid layer
structure. Solid-state photoluminescence measurement reveals that it exhibits a photoluminescence emission
in the blue region. These photoluminescence emissions correspond to the characteristic emission 3H4–3PJ
transitions (J = 2, 1, and 0, respectively) of Pr3+ ions. Solid-state UV−Vis diffuse reflectance spectrum dis-
covers that the existence of a wide optical band gap of 3.39 eV.
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INTRODUCTION
Lanthanide materials have recently attracted more

and more attention due to their excellent photolumi-
nescence properties [1, 2]. They show potential appli-
cations as photoluminescence emitting materials, such
as electrochemical displays, light-emitting diodes
(LEDs), chemical sensors, luminescence probes and
so forth [3–5]. To our knowledge, lanthanide materi-
als can exhibit strong photoluminescence emissions if
the f–f electronic transition of the lanthanide ions can
take place in high efficiency.

However, lanthanide ions generally possess a low
absorption coefficient and the f–f electronic transition
is difficult to happen. For the sake of improving the
absorption coefficient and promoting the f–f elec-
tronic transition of the lanthanide ions to take place,
scientists adopt various organic molecules which pos-
sessing a conjugated motif, for example, heterocyclic
derivatives, aromatic carboxylic acids and aromatic
sulfonic acids, to design and synthesize lanthanide
materials. This is because these organic molecules are
expected to be able to absorb the UV light and then
effectively transfer the energy to the lanthanide ions,
i.e. antenna effect [6–8].

Isonicotinic acid is such an organic molecule. In
addition, isonicotinic acid is a very useful ligand,
because it can coordinate to several metal ions. The
carboxylic group of isonicotinic acid enables it to bind
to lanthanide ions, while the nitrogen atom allows it to

link to transition metal ions. Therefore, isonicotinic
acid is an important ligand to bridge lanthanide ions
and transition metal ions. Group 12 (IIB) elements are
zinc, cadmium and mercury. IIB-containing com-
pounds are attractive because of the following reasons:
the wide applications of the IIB compounds, photolu-
minescence and photoelectric properties, the import-
ant role of zinc played in biological systems, and the
various coordination numbers afforded by the d10

geometry of the IIB ions. We recently aim at the inves-
tigation of novel lanthanide-IIB compounds which
may possess interesting photoluminescence and semi-
conductor properties. We report in this work the syn-
thesis, structure, photoluminescence and semicon-
ductor properties of a novel Hg-Pr compound [Hg3Pr-
Cl9(HIA)(IA)3]nnCl · 2nH3O · 4nH2O (I) (HIA =
isonicotinic acid), which is characterized by a 2D
organic-inorganic hybrid layer structure.

EXPERIMENTAL

Materials and instrumentation. The chemicals and
reagents are purchased through commercial sources
and directly used. Photoluminescence experiments
are carried out using the solid state powder at room
temperature on a F97XP spectrometer. The UV−Vis
spectra were recorded at room temperature on a com-
puter-controlled TU1901 UV−Vis spectrometer
equipped with an integrating sphere. BaSO4 plate was
430
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Table 1. Crystallographic data and structure refinement for complex I

Parameter Value

Formula weight 1696.71
Color Yellow
Crystal size, mm 0.10 × 0.08 × 0.05
Crystal system Monoclinic
Space group P21/n

a, Å 15.5932(8)
b, Å 9.2504(3)
c, Å 29.4734(12)
β, deg 97.360(4)

V, Å3 4216.3(3)

Z 4
2θmax, deg 50

Index ranges –15 ≤ h ≤ 18, –10 ≤ k ≤ 11, –31 ≤ l ≤ 35
Reflections collected 20750
Independent, observed reflections (Rint) 5475, 6667 (0.0410)

Parameters refined 492

ρcalcd, g/cm3 2.673

μ, mm−1 12.723

T, K 293(2)
F(000) 3136
R1, wR2 0.0679, 0.1808

Goodness-of-fit 1.022
Largest and mean Δ/σ 0 and 0

Δρmax /Δρmin, e/Å3 2.187/–3.710
used as a reference (100% reflectance), on which the
finely ground powder of the samples was coated.

Synthesis of complex I. A mixture of PrCl3 · 6H2O
(1 mmol, 376 mg), HgCl2 (1 mmol, 272 mg), isonico-
tinic acid (2 mmol, 246 mg) and distilled water
(10 mL) were sealed into a 25 mL Teflon-lined stain-
less-steel vessel. Then, the vessel was heated to 433 K
and kept there for 10 days under autogenous pressure.
When the vessel was slowly cooled down to room tem-
perature, yellow block-like crystals were collected.
The yield was 36% based on praseodymium.

X-ray structure determination. A single crystal with
the dimensions of 0.10 × 0.08 × 0.05 mm was carefully
selected and adhered onto the tip of a glass fiber. Then
the fiber was mounted to a Super Nova X-ray CCD

For C24H31Cl10Hg3N4O14Pr
Anal. calcd., % C, 16.97 H, 1.82 N, 3.30
Found, % C, 17.06 H, 1.85 N, 3.35
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diffractometer. The X-ray intensity data were col-
lected by using of a graphite-monochromated MoKα
radiation (λ = 0.71073 Å) with the ω scan mode. The
data set was reduced and corrected by using the Crys-
tal-Clear software [9]. The crystal structure was solved
by means of the direct solution methods and refined
on F2 by full-matrix least-squares by virtue of the Sie-
mens SHELXTLTM V5 crystallographic software
[10]. Based on the difference Fourier maps, all non-
hydrogen atoms were located and refined anisotropi-
cally, while hydrogen atoms were added theoretically
and not refined, but involved in the structural factor
calculation with isotropic thermal parameters.
Important crystallographic data are shown in Table 1,
while selected bond lengths and angles are presented
in Table 2.

Crystallographic data for the structural analysis
have been deposited with the Cambridge Crystallo-
graphic Data Centre (CCDC no. 1831958; deposit@
ccdc.cam.ac.uk or http://www.ccdc. cam.ac.uk).
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Table 2. Selected bond lengths (Å) and bond angles (deg) for complex I*

* Symmetry codes: #1 –x – 1/2, y + 1/2, –z + 1/2; #2 –x – 1, –y, –z + 1; #3 –x – 1, –y + 1, –z + 1.

Bond d, Å Angle ω, deg

Hg(1)–N(2) 2.160(5) Cl(2)Hg(2)Cl(5) 79.1(5)
Hg(1)–N(4)#1 2.161(13) Cl(8)Hg(3)Cl(9) 73.4(4)
Hg(1)–Cl(5) 2.779(6) Cl(8)Hg(3)Cl(10) 136.5(3)
Hg(1)–Cl(2) 2.783(4) Cl(9)Hg(3)Cl(10) 83.6(4)
Hg(1)–Cl(2)#1 3.079(3) Cl(8)Hg(3)Cl(4) 106.0(3)
Hg(1)–Cl(4) 3.002(4) Cl(9)Hg(3)Cl(4) 144.5(4)
Hg(2)–Cl(3) 2.304(5) Cl(10)Hg(3)Cl(4) 113.8(3)
Hg(2)–Cl(1) 2.321(5) Cl(8)Hg(3)Cl(7) 57.1(2)
Hg(2)–Cl(2) 2.992(5) Cl(9)Hg(3)Cl(7) 100.4(3)
Hg(2)–Cl(5)#1 3.083(3) Cl(10)Hg(3)Cl(7) 166.1(2)
Hg(3)–Cl(8) 2.291(9) Cl(4)Hg(3)Cl(7) 55.88(19)
Hg(3)–Cl(9) 2.293(3) Cl(8)Hg(3)Cl(5) 92.9(3)
Hg(3)–Cl(10) 2.338(8) Cl(9)Hg(3)Cl(5) 53.6(4)
Hg(3)–Cl(4) 2.630(6) Cl(10)Hg(3)Cl(5) 102.6(3)
Hg(3)–Cl(7) 2.656(5) Cl(4)Hg(3)Cl(5) 91.44(19)
Hg(3)–Cl(5) 2.822(6) Cl(7)Hg(3)Cl(5) 70.2(2)
Pr(1)–O(8)#2 2.392(14) O(8)#2Pr(1)O(2) 74.4(5)
Pr(1)–O(2) 2.446(14) O(8)#2Pr(1)O(5) 143.6(5)
Pr(1)–O(5) 2.449(12) O(2)Pr(1)O(5) 140.3(5)
Pr(1)–O(1)#2 2.452(14) O(8)#2Pr(1)O(1)#2 73.4(6)
Pr(1)–O(3) 2.458(6) O(2)Pr(1)O(1)#2 116.5(5)
Pr(1)–O(7) 2.494(10) O(5)Pr(1)O(1)#2 78.5(5)
Pr(1)–O(4)#3 2.497(11) O(8)#2Pr(1)O(3) 141.8(5)
Pr(1)–O(6)#3 2.550(12) O(2)Pr(1)O(3) 73.7(4)

Angle ω, deg O(5)Pr(1)O(3) 73.3(4)

N(2)Hg(1)N(4)#1 168.7(4) O(1)#2Pr(1)O(3) 141.1(4)
N(2)Hg(1)Cl(5) 92.3(3) O(8)#2Pr(1)O(7) 115.4(4)
N(4)#1Hg(1)Cl(5) 98.7(4) O(2)Pr(1)O(7) 73.9(5)
N(2)Hg(1)Cl(2) 91.3(2) O(5)Pr(1)O(7) 76.7(4)
N(4)#1Hg(1)Cl(2) 92.1(3) O(1)#2Pr(1)O(7) 72.9(5)
Cl(5)Hg(1)Cl(2)#1 88.07(14) O(3)Pr(1)O(7) 74.9(3)
N(2)Hg(1)Cl(4) 88.2(2) O(8)#2Pr(1)O(4)#3 75.0(5)
N(2)Hg(1)Cl(2)#1 83.8(1) O(2)Pr(1)O(4)#3 140.8(6)
N(4)Hg(1)Cl(4) 89.6(5) O(5)Pr(1)O(4)#3 76.4(5)
N(4)Hg(1)Cl(2) 84.8(2) O(1)#2Pr(1)O(4)#3 76.8(5)
Cl(5)Hg(1)Cl(2) 79.4(2) O(3)Pr(1)O(4)#3 120.5(2)
Cl(5)Hg(1)Cl(4) 84.9(4) O(7)Pr(1)O(4)#3 142.7(6)
Cl(4)Hg(1)Cl(2) 82.9(1) O(8)#2Pr(1)O(6)#3 74.0(5)
Cl(2)Hg(1)Cl(2)#1 104.1(2) O(2)Pr(1)O(6)#3 76.4(5)
Cl(2)Hg(1)Cl(4)#1 172.9(3) O(5)Pr(1)O(6)#3 117.3(4)
Cl(3)Hg(2)Cl(1) 175.2(2) O(1)#2Pr(1)O(6)#3 139.5(5)
Cl(3)Hg(2)Cl(2) 92.9(2) O(3)Pr(1)O(6)#3 78.4(4)
Cl(3)Hg(2)Cl(5) 90.7(1) O(7)Pr(1)O(6)#3 144.4(4)
Cl(1)Hg(2)Cl(2) 91.9(4) O(4)#3Pr(1)O(6)#3 72.0(6)
Cl(1)Hg(2)Cl(5) 90.1(1)
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Fig. 1. The molecular structure of compound I. Lattice water molecules, isolated chloride ions and hydrogen atoms were omitted
for clarity.
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RESULTS AND DISCUSSION

The asymmetric unit of compound I is comprised
of two praseodymium ions, two mercury ions, ten
chloride anions, four isonicotinic acid ligands and six
lattice water molecules, as presented in Fig. 1. The
Pr(1) ion is coordinated by eight oxygen atoms from
eight isonicotinic acid ligands, yielding a slightly dis-
torted square antiprism. The top plane of the square
antiprism is defined by O(5), O(3), O(6) (–1 – x, 1 –
y, 1– z), O(4) (–1 – x, 1 – y, 1 – z), while the bottom
plane of the square antiprism is defined by O(7), O(2),
O(8) (–1 – x, –y, 1 – z), O(1) (–1 – x, –y, 1 – z),
respectively. The bond length of Pr–O locates in the
expected range of 2.394(7)–2.558(6) Å with an aver-
age value of 2.470(7) Å, which is normal and compa-
rable with those existing in the references [11–15]. The
bond angles of OPrO are varied from 72.3(2)° to
144.7(2)°. Differently, the Pr(2) ion shows a distorted
octahedral geometry and is surrounded by six chloride
ions, of which two are μ2-bridging and four are termi-
nal ligands.

The Hg(1) ion displays a slightly distorted octahe-
dral geometry, bound by four μ2-bridging Cl atoms
and two nitrogen atoms from two isonicotinic acid
ligands. The Hg(2) ion is bound by two μ2-bridging
and two terminal chlorine atoms to yield a tetrahedral
geometry. The Hg(3) ion is coordinated by six chlo-
rine atoms to form a distorted octahedral geometry.
The bond lengths of Hg–N are 2.160(5) and
2.161(13) Å. The bond lengths of Hg–Cl are in the
region of 2.291(9)–3.083(3) Å with an average value of
2.6695(9) Å, which is normal and comparable with
those documented in the references [16–20]. The
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
bond angle of NHgN is 168.7(4)° which is close to lin-
ear. The bond angles of NHgCl are in the range of
83.8(1)°–98.7(4)° which is close to 90°. The isonico-
tinic acid ligands are grouped into two kinds, i.e., μ2-
bridging and μ3-bridging ligands. The μ2-bridging
isonicotinic acid ligands link two neighboring praseo-
dymium ions with two oxygen atoms of the carboxylic
group. The μ3-bridging isonicotinic acid ligands
bridge two neighboring praseodymium ions with two
oxygen atoms of the carboxylic group and coordinate
to one mercury ion with the nitrogen atom of the pyr-
idyl ring. The pyridyl rings of the isonicotinic acids are
almost coplanar with the deviation of the atoms on the
pyridyl ring in a narrow span of –0.077…+0.074 Å
apart from their average ring plane.

Every two neighbouring praseodymium ions are
interlinked by four isonicotinic acid ligands to yield a
one-dimensional (1D) –Pr–(IA)4–Pr–(IA)4– chain,
as shown in Fig. 2a. The distances between neighbour-
ing praseodymium ions are 4.5795(5) and 4.7368(5) Å.
There is another kind of 1D chain existing in
complex I. The mercury ions are interconnected by
the bridging chloride ions, yielding a 1D chain, as
shown in Fig. 2b. These two kinds of 1D chains are
further interconnected by the isonicotinic acid
ligands, forming a two-dimensional (2D) organic-
inorganic hybrid layer, as shown in Fig. 3.

In complex I, there are several N–H···O, C–H···O,
and C–H···Cl hydrogen-bonding interactions (i.e.
N(3)–H(3B)···O(5w) 2.72(2) (–2 – x, 1 – y, 1 – z),
152; C(16)–H(16A)···O(6w) (–1/2 – x, 1/2 + y, 1/2 –
z) 3.377(17), 152; C(18)–H(18A)···O(1) (–1 – x, –y,
1 – z) 3.477(14), 169; C(22)–H(22A)···Cl(3) (–1/2 –
x, 1/2 + y, 1/2 – z) 3.557(9), 137; C(23)–
  Vol. 46  No. 6  2020
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Fig. 2. Two types of 1D chains existing in compound I: a 1D –Pr–(IA)4–Pr–(IA)4– chain (a); a 1D Hg–Cl chain (b). 
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Fig. 4. The packing diagram of compound I with the
dashed lines representing hydrogen bonding interactions.
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c

Fig. 5. The solid-state photoluminescence spectra of I
(λex = 275 nm). 
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H(23A)···Cl(3) (–1/2 – x, –1/2 + y, 1/2 – z) 3.674(9),
157). These hydrogen-bonding interactions are
important, because they connect the 2D layers
together to yield a 3D supramolecular network, as pre-
sented in Fig. 4. To the best of our knowledge, com-
plex I is the first example of praseodymium-mercury
isonicotinic acid complexes with isonicotinic acid
bridging praseodymium and mercury ions, although
some praseodymium isonicotinic acid complexes [21,
22] or mercury isonicotinic acid complexes [23–25]
have been documented so far.

To our knowledge, lanthanide complexes can gen-
erally show photoluminescence properties and a lot of
investigations in this field have been carried out. Com-
plex I is expected to display good photoluminescence
properties. In this work, the photoluminescence per-
formance of complex I was carried out by using solid
state samples at room temperature. The result of the
photoluminescence measurements is presented in
Fig. 5. It can be found that the photoluminescence
spectrum of complex I shows an effective energy
absorption in the wavelength region of 260–320 nm.
The excitation spectrum of complex I has one maxi-
mum peak at 296 nm, when it was excited by 448 nm.
We then measured the corresponding photolumines-
cence emission spectrum of complex I, upon irradia-
tion with the wavelength of 296 nm. The emission
spectrum is characteristic of a wide band in the range
of 430–500 nm with three peaks locating at 448, 469,
and 490 nm, respectively. These sharp peaks corre-
spond to the characteristic emission 3H4–3PJ transi-
tions (J = 2, 1, and 0, respectively) of Pr3+ ions [26,
27]. This indicates that effective energy transfer takes
place and a conjugated system is formed between the
isonicotinic acid ligands and the Pr3+ ions. So, isonic-
otinic acid is a good antenna for the title complex.
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
These emission bands locate in the blue region of
the light spectrum. As a result, complex I can be a can-
didate of potential blue light photoluminescent mate-
rials.

The absorption spectra of complex I were mea-
sured from the solid-state UV–Vis diffuse reflectance
spectra with the Kubelka–Munk function, i.e., α/S =
(1 – R)2/2R. The α in this function is the absorption
coefficient, S means the scattering coefficient that is
practically wavelength independent when the particle
size is larger than 5 μm, while R means the reflectance.
The value of the optical band gap can be determined
by extrapolating from the linear portion of the absorp-
tion edge from the α/S vs. energy gap (Eg) plot. As
depicted in Fig. 6, the solid-state diffuse reflectance
spectra reveal that complex I displays a wide optical
band gap of 3.39 eV. As a result, complex I is a candi-
date for wide band gap semiconductor materials.
The gentle slope of the optical absorption edge of
complex I suggests that it is an indirect transition [28].
The optical band gap of 3.39 eV of complex I is smaller
than that of diamond (5.47 eV) which is one of the
third generation semiconductor materials, but is obvi-
ously larger than that of GaAs (1.42 eV), CdTe (1.5 eV)
and CuInS2 (1.55 eV), all of the later are efficient pho-
tovoltaic materials [29, 30]. The optical absorption of
complex I is probably originated from the charge-
transfer excitations mainly from the p-like valence
band of the chloride ions to the 4f-like conduction
band of the mercury ions. There are several small
peaks residing at between 2.0 and 3.0 eV which is prob-
ably ascribed to the Pr3+ ions.

In brief, a praseodymium material is prepared
through the hydrothermal reactions and structurally
characterized by X-ray diffraction technique. The title
complex is characterized by a 2D organic-inorganic
hybrid layer structure. The hydrogen-bonding inter-
actions connect these 2D layers together to yield a 3D
supramolecular network. Solid-state photolumines-
cence measurement reveals that it exhibits an emission
  Vol. 46  No. 6  2020
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Fig. 6. Solid-state diffuse reflectance spectrum of I.
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in the blue region. It can be used as a blue light emit-
ting material. Solid-state UV−Vis diffuse reflectance
spectrum discovers that the existence of a wide optical
band gap of 3.39 eV, suggesting that it is potentially a
wide band gap semiconductor.
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